Abstract-Due to the increasing number of sensors deployed in modern vehicles, Intra-Vehicular Wireless Sensor Networks (IVWSNs) have recently received a lot of attention in the automotive industry as they can reduce the amount of wiring harness inside a vehicle. By removing the wires, car manufacturers can reduce the weight of a vehicle and improve engine performance, fuel economy, and reliability. In addition to these direct benefits, an IVWSN is a versatile platform that can support other vehicular applications as well. An example application, known as a Side Blind Zone Alert (SBZA) system, which monitors the blind zone of the vehicle and alerts the driver in a timely manner to prevent collisions, is discussed in this paper. The performance of the IVWSN-based SBZA system is evaluated via real experiments conducted on two test vehicles. Our results show that the proposed system can achieve approximately 95% to 99% detection rate with less than 15% false alarm rate. Compared to commercial systems using radars or cameras, the main benefit of the IVWSN-based SBZA is substantially lower cost.
I. INTRODUCTION Modern production vehicles are highly computerized, and the major functionalities of a vehicle are controlled by several Electronic Control Units (ECUs) inside the vehicle. ECUs require sensors to gather real-time information of the vehicle in order to control the vehicular operations. Currently, most of the sensors inside vehicles are connected to the ECUs by physical wires. Controller Area Networks (CAN), FlexRay, and Local Interconnect Network (LIN) are the common technologies currently used for the wired network inside vehicles. However, because the complexity of vehicles is getting higher, and the number of applications and gadgets in vehicles keeps increasing, the large number of wires needed to connect sensors with ECUs pose significant challenges: i) wires bring extra weight to the vehicle; ii) wiring limits locations where sensors can be installed; iii) cost of the wires and wiring may be high; and iv) wires can be worn down with time and locating and/or replacing such wires can be very costly and cumbersome. Therefore, reducing the wires in the vehicle could help enhance the fuel economy, performance, product features, and reliability as well as reduce the overall cost of building a vehicle. To achieve these goals, wireless technology can be applied to the communications between sensors and ECUs and replace the wired connections. In the remainder of this paper, the new platform is called an Intra-Vehicular Wireless Sensor Network (IVWSN) [1] .
Over the last few years, researchers and engineers in wireless and automotive industries have been working on various domains related to Wireless Sensor Networks (WSNs) [2] , including architecture [3] , Medium Access Control (MAC) protocols [4] [5] [6] [7] [8] , routing protocols [9] [10] [11] [12] , system design [13] , application design [14] , energy conservation [15] [16] [17] , and quality of service [18] [19] [20] . Although the basic concept of IVWSNs stems from classical WSNs, IVWSNs have several unique characteristics and require special consideration in terms of system and protocol design. For example, although the sensors and ECUs inside a vehicle are either fixed or have predictable movements within a small area, there are metal parts, obstacles, and passengers inside one vehicle, and it creates an especially challenging environment for radio propagation. Furthermore, many vehicular applications have stringent requirements in terms of the reliability and latency of the communications. All of these special characteristics of IVWSNs have to be taken into account for the system design (including the protocol design) of an IVWSN. Existing research works mainly focused on channel assessment [21] , evaluation of wireless technologies for IVWSNs [22] , and security issues [23] . Regarding the wireless technologies for IVWSNs, various investigations have been conducted on ZigBee [24] , Bluetooth Low Energy (BLE) [25] , radio-frequency identification (RFID) [26] , ultra-wideband (UWB) [27] [28] [29] , 2.4 GHz customized RF [30] , and coexistence of multiple wireless technologies [22] [31] [32] . In addition to passenger vehicles, similar ideas have been applied to aircraft as well [33] . The main focus of this paper is the potential industrial applications of IVWSNs.
One of the industrial safety features currently implemented in some modern vehicles is the side blind zone alert (SBZA) system, which monitors the blind zone of the vehicle and alerts the driver accordingly in a timely manner to prevent collisions.
1 Fig. 1 illustrates the SBZA system from General Motors (GM) on a 2011 Cadillac Escalade. However, since [35] most of the existing SBZA systems are based on radar, it is difficult to lower the cost of the system and deploy in lowerend vehicles. Also, it has been shown that a radar-based system could suffer from false alarms, which are triggered by tree leaves, pedestrians, and other nearby objects. Motivated by the aforementioned two limitations of the radar-based systems, this paper proposes to use an IVWSN to support the blind zone alert feature as a new industrial platform.
Although an IVWSN is designed for communications within a vehicle, some of the sensor packets could reach other vehicles at a close distance, e.g., less than 10 meters, depending on the transmission power used. Therefore, the underlying concepts and the IVWSN platform could be utilized for intervehicular communications within a small range. Moreover, some of the vehicular sensors may have a low duty cycle, and hence those sensors are idle during most of the time. Those sensors could be reused during the idle time for other applications in order to achieve better utilization and lower overall cost. For example, since 2006, it is mandated by law in the United States that all vehicles manufactured in 2006 and onward must be equipped with the Tire Pressure Monitoring System (TPMS) [36] . Since wireless sensors of the TPMS have a low duty cycle (e.g., 0.01% to 5%), in principle, one could use such sensors to broadcast beacon packets for blind zone detection on adjacent vehicles. As a proof of concept, in this paper, a blind zone alert system is designed and implemented on an IVWSN platform based on the BLE technology [37] . BLE is a wireless technology introduced in 2010 along with Bluetooth specification version 4.0 and could be a great fit for certain applications of IVWSNs due to its low-power, lowcomplexity, and low-cost properties [25] . It is worth pointing out that in addition to BLE, the proposed system could be also implemented using other wireless technologies with minimal modifications, such as ZigBee or other proprietary low-power wireless technologies. The detection algorithm proposed in this paper is based on a Neyman-Pearson (NP) classifier. Its simplicity can help lower the cost of the system. It is also flexible since the NP-threshold parameter can be adjusted to satisfy the desirable detection and false alarm rates. This paper is organized as follows. Section II describes the details of the experimental setup used and the blind zone detection algorithm. Section III presents the experimental results and the performance of the proposed system. Section IV discusses the major issues related to the proposed design. Finally, concluding remarks are given in Section V. 
A. Experimental platform
The IVWSN platform in this study is developed on the Texas Instruments CC2540 Mini Development Kit [38] . Texas Instruments CC2540 is a single-chip industrial BLE solution which can run the BLE protocol stack and applications with a built-in 8051 microcontroller. The development kit comes with a BLE node and a BLE USB Dongle, as shown in Fig. 2(a) . The default power source of the BLE node is a CR2032 coin battery. The setup of the experimental platform is shown in Fig. 2(b) . The USB dongle is connected to a personal computer (PC) with a USB to serial link. The PC emulates the functionalities of an ECU in the real automotive platform. On the USB dongle, there are the Host, an LE Controller, and an adaptation layer, which serves as the interface between the Host and the PC. The application layer, where the blind zone detection algorithm resides, and a serial port interface are implemented on the PC. The USB dongle along with the PC is the detection device of the proposed blind zone alert system, while the BLE node represents the wireless sensor that broadcasts beacons. On the BLE node, there are the application layer, the Host, and an LE Controller. Note that the Host and the LE Controller are parts of the BLE standard protocol stack.
As shown in Fig. 3 , a 2008 Cadillac Escalade is the detector vehicle, which tries to determine if the target vehicle (i.e., a 2008 Cadillac STS) is within its blind zone. The detection device is installed on the left side of the rear bumper of the detector vehicle while two BLE nodes (i.e., the sensors) are installed right above the two right wheels of the target vehicle (see Fig. 3 ). The two BLE nodes represent the sensors on the front and the rear wheels, respectively, and they are referred to as the front sensor and the rear sensor. The detection device continuously monitors the Received Signal Strength Indicator In the empirical evaluation process, each sensor on the target vehicle sends out four beacon packets every second. Note that in practice, existing wireless sensors such as TPMS sensors can be used to periodically send out the packets, so it is not necessary to install new dedicated sensors for this application. On the detector vehicle, the detection device measures the RSSI of the received beacon packets, and in order to have a better ability to distinguish the target vehicle at different positions, the detection device utilizes the RSSI values of beacon packets from both the front and the rear sensors. An observation collected by the detection device, denoted by x t , can be represented by
where RSSI f ront is the RSSI of the received beacon packet, which originates from the front sensor, and RSSI rear is the RSSI of the packet from the rear sensor. Also, in some circumstances, there might be multiple cars in the detector vehicle's communications range. The detection device has to combine the two corresponding RSSI values of packets from the two sensors on the same vehicle as one observation record. Therefore, the type/model/identification information of the vehicle and the sensor location (i.e., front or rear; left or right) are included in the header of beacon packets. In the evaluation process, each observation is associated with an actual detection state (i.e., whether or not a target is actually in the detector's blind zone). These pieces of information are then stored in the PC and are later used in both the training and testing phases (which is the standard method for many machine learning algorithms); the training phase is performed to train the decision mechanism and obtain the decision map while the testing phase is used to evaluate the accuracy of the system. 2 Therefore, the average observation x ′ i can be derived from the equation
B. Blind zone detection mechanism
where x nT is the current observation, x (n−1)T is the previous one, and so on; i is the index of the observations made in the training phase. If no beacon packet is received during the period, an RSSI value equal to the noise floor will be assigned for that observation. According to the average observation x ′ i and the decision map (obtained during the training phase; details are given in the following subsection), the detector determines if the target is in its blind zone. If the target is determined to be in the blind zone (i.e., case Target) and the driver is using the turn signal (which means the potential collision is imminent), the system will use both sound and light alerts to notify the driver effectively; if the driver is not using the turn signal at the moment, the system will just use the light alert.
C. Experimental setup
Two experiments were performed to evaluate the proposed blind zone alert system. The first experiment was done in an empty parking lot in GM Technical Center, in Warren, MI, USA. As shown in Fig. 3 , the detector vehicle was parked in the middle of the parking lot, whereas the target vehicle moves forward or backward in the lanes around the detector vehicle (e.g., it may be located in the green area or the red area around the detector vehicle as shown in the figure). The speed of the target vehicle varied between 0 and 20 mph. The red area represents the blind zone of the detector vehicle. 3 The target vehicle is considered in the blind zone of the detector vehicle if it is located in the red area, and C 1 represents this class (i.e., case Target). The other class is C 2 , which means that there is no target vehicle in the blind zone of the detector vehicle (i.e., 
where g i is the actual class of the target vehicle, which can be either C 1 or C 2 . Two random variables, i.e., X and G, represent the observations and the actual class recorded during the training phase, respectively. The durations of the experiments are 60 minutes for the training phase and 30 minutes for the testing phase. A total of 14400 records (r i ) were gathered for the training phase and the obtained decision map was used to evaluate the additional 7200 observations. Contrary to the parking scenario, the second experiment was performed when both cars were moving. Both vehicles were driven along a 10-mile track in the GM Technical Center in Warren, MI, USA (see Fig. 5 ); during the experiment, the target vehicle moved in and out of the detector's blind zone. The durations of the experiments are 60 minutes for the training phase and 30 minutes for the testing phase. The speeds of both vehicles varied between 0 and 40 mph. A total of 10800 and 4800 records were collected during the training and testing phases, respectively. Note that due to the dynamics of locations of the vehicles, the GM's commercial radar-based SBZA system is used as the ground truth in the experiment (i.e., it is used to determine if the target vehicle is actually in the blind zone). A 2011 GMC Yukon and a 2008 Cadillac STS are used as the detector and target vehicles, respectively.
D. Determining the decision map
The blind zone detection problem considered here can be formulated as a binary classification problem; the Target class (C 1 ) represents the case in which the target vehicle is in the blind zone of the detector vehicle and the No Target class (C 2 ) otherwise. In this paper, because of its flexibility and low computation complexity, a NP classifier, which is commonly used in radar research, is chosen. Briefly, the decision rule of the NP classifier can be stated as follows:
where λ is the NP user-defined threshold. Also, for the boundary case,
= λ and Y = 1
where d j is the decision according to the observation x ′ j , and j is the index of the observations made in the testing phase. Y is a random variable following a Bernoulli distribution with a predefined probability p. P (X = x ′ j |G = C 1 ) is the conditional probability of having an observation x ′ j given that there is a car in the blind zone, and P (X|G = C 1 ) can be visualized as a 2-D (two-dimensional) histogram. Based on the set of the training record r i , P (X = x ′ j |G = C 1 ) and P (X = x ′ j |G = C 2 ) can be calculated through the following equations:
Fig. 6(a) and Fig. 6 (b) represent P (X|G = C 1 ) and P (X|G = C 2 ), respectively. Once the threshold λ is assigned, a decision map (as shown in Fig. 7 ) can be determined by applying the aforementioned decision rule to all the possible observations. The performance metrics of the detection algorithm are the detection rate (i.e., P D ) and the false alarm rate (i.e., P F A ), and they can be defined as
The probability is calculated based on all the decision d j and actual class g j of the observation collected during the testing phase. P D is the probability that the algorithm correctly classifies the observation into the Target class when the observation actually belongs to the Target class; P F A is the probability that the algorithm misclassifies the observation into the Target class when the observation actually belongs to the No Target class. Furthermore, it is worth pointing out that the threshold λ is an adjustable parameter: if λ takes on a small value (i.e., close to 0), major portion of the decision will fall into the target class C 1 and vice versa. In other words, with a close-to-zero λ value, the algorithm almost always classifies the observations into the target class, resulting in a high detection rate. However, it must be noted that although the high detection rate is desirable, small λ also leads to a high false alarm rate, which is not desirable. As a result, the goal of the system is to maximize the detection rate while keeping the false alarm rate under a certain tolerable level. By varying the threshold from 0 to ∞, different operating points (P F A , P D ) of the system can be achieved (see the Receiver Operating Characteristic (ROC) curves in Fig. 8 ).
III. EXPERIMENTAL RESULTS Results of both experiments are shown in Fig. 8 at which the values of lambda varies from 0 to 10 with an increment Receiver Operating Characteristic Experiment 1 (parking scenario) Experiment 2 (driving scenario) Fig. 8 . ROC of the classifier of 0.01. Observe that as the value of lambda decreases (e.g., from 10 to 0), both the false alarm rate and the detection rate increase. For instance, in the first experiment, the detection rate and false alarm rate increase from 97.34% to 99.2% and from 5.08% to 19.1%, respectively, as the lambda decreases from 0.26 to 0.005. Similar observations can be made for Experiment 2.
In addition, observe that the performance of the blind zone detection system is worse when one considers a driving scenario (i.e., Experiment 2). For example, with approximately 19% false alarm rate, one could obtain 99.2% detection rate in the parking scenario whereas only 97.72% can be achieved in the driving scenario. The performance degradation in the driving scenario is a result of two fundamental reasons: the fading effect of the wireless channels when vehicles are moving and the artifact created by the GM's commercial SBZA system (more details are given in Section IV).
According to the study conducted, the proposed system based on the NP classifier leads to a comparable performance to an alternative design that utilizes a K Nearest Neighbor (KNN) classifier [39] . However, the alternative system based on KNN is not as flexible as the proposed system since it is not able to make the trade-off between detection rate and false alarm rate. Furthermore, the NP classifier does not require as much computational power, which could be significant when the number of observations is large. It is also worth noting that the decision map (as shown in Fig. 7 ) in the proposed system can be precomputed during the training phase, and hence the detection becomes an efficient table look-up operation. Also, the detection device just needs to store the decision map in the memory, so the memory requirement will be minimum as well. Because of the low computational power and memory requirements, it is possible to implement the proposed system on a low-cost embedded system.
IV. DISCUSSION

A. Interpretation of Results
Based on the experimental results reported in the previous section, it is observed that the detection and false alarm rates of the system highly depend on the experimental setup and the definition of the blind zone. It has been observed that most of the missed detections and false alarms occur when the target vehicle is at the boundary of the specified blind zone (i.e., it either just enters or is about to leave the blind zone). Since under normal driving conditions, it is not likely that the target vehicle will stay at the edge of the blind zone, the actual detection rate of the system (i.e., observed in the normal condition) can be potentially higher than the results reported here. Furthermore, since the proposed system only performs detection when valid packets are received, it reduces the potential false alarms caused by other objects near or in the blind zone. In the reported experimental results, the false alarm rates were calculated based on only the observations x t gathered during the experiments. However, during the time that the system didn't receive any packet, the system should be considered as making correct dismissals. Therefore, in the real use cases, the false alarm rate that the user experiences is actually smaller.
B. Comparison to systems based on radars or cameras
Radar is considered to be a reliable tool for detecting objects and obstacles, and it has been used for vehicle detection on commercial systems for many years. However, in general, radar is an expensive instrument, and its high cost prevents it from being massively deployed in passenger vehicles. Therefore, an alternative design with lower-cost is very desirable. Furthermore, since a radar could not tell the difference between vehicles and other objects, a blind zone alert system based on radars could suffer from false alarms due to pedestrians, Jersey barriers, leaves, rain and snow, and other objects in the detection range [35] [40] . On the other hand, the proposed system detects the beacon packets from other vehicles, so it could have a much lower false alarm rate.
It is also possible to use a camera to detect the vehicle in the blind zone [41] [42] . However, the performance of vision-based detection on vehicles highly depends on the visibility, light and weather conditions of the environment. Furthermore, slight difference in the relative position between vehicles could cause miss detections or false alarms on a vision-based system, and even the curvature of the road could affected its performance as well [43] . Nevertheless, there is currently no standardized method to evaluate the detection and false alarm rates of a blind zone alert system. Therefore, in reality, it is difficult to compare the actual performance between different systems based on either radars, cameras, or wireless technologies.
C. Comparison with solutions based on vehicular ad hoc networks
The studies in vehicular ad hoc network focus on the inter-vehicular communications [44] [45] . In a vehicular ad hoc network, every car is equipped with a wireless device designed for the highly mobile environment, e.g., Dedicated Short Range Communications (DSRC) radio. Another possible design of the blind zone detection system is to utilize the vehicular ad hoc network [46] . However, since there is only one radio on each vehicle, it is not possible to rely on solely beacon packets and signal strength to determine if the target vehicle is in the blind zone. This approach might need to rely on interchanging GPS coordinates of the adjacent vehicles, and the GPS coordinates have to be very precise (which is difficult in reality). Furthermore, a DSRC radio has a much longer range of up to 200 meters, whereas the blind zone detection only considers a range less than 10 meters. Broadcasting beacons for blind zone detection would potentially cause unnecessary loads and interference to the vehicular ad hoc network. Therefore, leveraging vehicular ad hoc networks for blind zone detection might not be an efficient approach.
D. Battery life estimation
The battery life is an important concern about wireless sensors. Regarding the BLE sensor platform used in this paper, the average current consumption of sending an 8-byte beacon packet is around 7.599 mA, and the average duration is 1.028 ms [47] . The current consumption during the sleep state is 0.9 µA. If the period of the beacon packets is 0.25 second (as assumed in Section II), the average current consumption I c can be calculated as:
.599 × 1.028 + 0.0009 × (250 − 1.028)) 250 ∼ = 0.032 mA (12) Assuming that the sensor is powered by a 3-volt lithium ion battery with capacity C b around 1000 mAh (e.g., a Panasonic BR-2477A battery), the estimated battery life T b would be:
=1000 mAh/0.032 mA =31250 hours ∼ = 1302 days ∼ = 3.57 years (13) Moreover, the sensors only consume power when the engine is on. If assuming that, on average, the car operates 8 hours per day, the estimated battery life could be:
.57 years 8 24 = 10.71 years (14) where D c is the average duty cycle of the car. Therefore, if only the power consumption for beacon packets is considered, the beacon period is 0.25 second, and the car is driven 8 hours per day on average, then the estimated battery life of the BLE sensor node can be up to 10.71 years. It is worth pointing out that the actual battery life may be shorter due to other factors such as the temperature variation in the environment. However, the estimated battery life would still be longer than 5 years, which is the desired battery life for most vehicular applications.
E. Other related issues
The proposed system in this paper relies on communications among wireless sensors on different vehicles. The idea of near-range inter-vehicle communications via wireless sensors behind the proposed system could be applied to other safety applications in addition to the blind zone alert system. Currently, most of the sensors used by the vehicles in the market, e.g., TPMS sensors, are not fully standardized. Every car manufacturer and vendor may thus choose different and/or proprietary radio systems and protocols for wireless sensors. Standardization of wireless sensors would enable the intervehicle communications among those sensors and accelerate the development of related applications [48] . Furthermore, for the detection system proposed in this paper, minimizing the discrepancy among the systems on different vehicles, such as positions of the front and rear sensors and antenna patterns, will guarantee the system performance reported in this paper. This could be achieved through government regulations because of the potential benefits and enhanced safety. Moreover, in the future, the concept of Internet of Things (IoT) [49] might be applied to automotive sensors, and it could lead to an open architecture for automotive electronics.
Another important concern is how to choose the beacon packet period in the proposed system and its implications. If a smaller period is used, the response time of the system, i.e., the time needed to detect a vehicle in the blind zone, will be shorter; however, the battery life of the sensors will decrease. For example, consider an overtaking scenario: the target vehicle is approaching and overtaking the detector vehicle. Assume the relative speed of the two vehicles is v m/s, the length of the blind zone is l meters, and the beacon period is T seconds. The time for the target vehicle to travel through the blind zone of the detection vehicle would be l v seconds. If the computation time is disregarded and at least three beacon packets are needed for detection, the beacon period T should be
where ρ represents the estimated average packet delivery ratio when the target car is in the blind zone, and it would be around 99% as observed in the experiments. If there is strong interference expected in the environment, ρ can be set as a smaller value. Note that a blind zone alert system usually does not need to detect a vehicle passing through at a high relative speed, so the range of v is limited. For example, v ≤ 5 m/s is probably a reasonable assumption. Also, the defined blind zone of the system is usually larger than the actual blind zone to the driver, so the additional part can be considered as the safety cushion or guard zone. A slight delay in the detection is acceptable because of the guard zone.
F. Possible enhancements and future work
As future work, the proposed system in this paper can be improved and enhanced in several different aspects. For instance, the transmission power is an important setting that affects the system performance significantly. Under normal circumstances, a relatively low transmission power, e.g., -30 dBm, is sufficient for detecting the presence of a car in the blind zone. It is, therefore, possible to reduce the transmission power in order to extend the battery life of the sensors and reduce the chance of collisions between beacon packets from multiple vehicles in near proximity. On the other hand, when there is interference from other wireless devices operating in the same frequency band, the system performance would decline if the transmission power is too small. Further research is needed for determining the optimal transmission power. Moreover, some other techniques such as performing carriersense before transmitting beacons and transmitting beacons on multiple subchannels might be helpful to mitigate the interference issue.
The proposed system utilizes the signal strength as the major feature for the detection algorithm to minimize the cost and system complexity. Also, only the signal strength of valid packets is considered by the detection system, and this mechanism effectively reduces the false alarms caused by other objects within the blind zone. In addition to signal strength, one may consider to use other metrics, such as Link Quality Indicator (LQI), packet delay, and packet round-trip time. However, packet delay might not be a good choice mainly due to synchronization issues among sensors, and packet round-trip time might not be consistent since the sensors might have other tasks that lead to varied processing delays. It would be interesting to compare the designs based on different metrics.
In addition, the training of the system can be performed separately in different driving scenarios, e.g., highways, urban areas, rural areas, various weather conditions, and etc. This way, a separate decision map is derived for each scenario. When performing the detection, the detection device first determines the current driving scenario based on speed or even map information collected from other systems in the vehicle and uses the corresponding decision map to make the decision. All the necessary driving scenarios will be identified and the experiments for those scenarios will be conducted in a future study.
In Experiment 1 (i.e., parking scenario), the target car could be determined precisely whether it is in the blind zone based on the location measurements in the parking lot. However, In Experiment 2 (i.e., driving scenario), since both cars are moving, it is difficult to determine if the target car is actually in the blind zone with high precision. To solve this problem, a commercial radar-based system was used as the ground truth to train and test the proposed system. Nevertheless, as mentioned before, there is no perfect system on the market that could perform the detection without any error, and the choice of ground truth also affects the evaluation results of the proposed system. Instead of using a commercial system as the ground truth, a special system could be designed in order to precisely evaluate the performance of the blind zone alert system. The range of the blind zone also has to be precisely specified. For example, as future work, a fixed camera could be set up at the end of the vehicle with the predefined range of blind zone overlapped on the screen. A person could watch the camera output to decide in real time if the car is actually in the blind zone (i.e., as the ground truth).
V. CONCLUSION It is envisioned that modern vehicles produced in the near future will be equipped with more wireless sensors, which are parts of the IVWSNs, to improve fuel economy, safety, engine performance as well as offer more features. Based on the observation that some of these wireless sensors have low duty cycles, it is shown that additional features and functionalities can be provided by utilizing the idle time of these sensors. In this paper, the blind zone alert system is chosen as an illustrative application; a specially designed system is installed in the rear of a vehicle and it detects the presence of a target vehicle in its blind zone based on the received signal strength of packets broadcast by the sensors such as TPMS sensors of the target vehicle. The system is designed, implemented, and evaluated on a commercially available BLE platform. Evaluation results from the two real experiments conducted are very promising as the proposed system can achieve approximately 95% to 99% detection rate with less than 15% false alarm rate. Due to its low cost (as compared to the existing systems such as radar-and camera-based solutions) and simple implementation (i.e., the proposed system can be implemented on the existing sensors with slight modifications), the IVWSNbased blind zone alert system presented in this paper could be an attractive solution for car manufacturers.
